Proper microtubule nucleation during cell division requires augmin, a microtubule-associated hetero-octameric protein complex. In current models, augmin recruits γ-tubulin, through the carboxyl terminus of its hDgt6 subunit to nucleate microtubules within spindles. However, augmin's biochemical complexity has restricted analysis of its structural organization and function. Here, we reconstitute human augmin and show that it is a Y-shaped complex that can adopt multiple conformations. Further, we find that a dimeric sub-complex retains in vitro microtubule-binding properties of octameric complexes, but not proper metaphase spindle localization. Addition of octameric augmin complexes to Xenopus egg extracts promotes microtubule aster formation, an activity enhanced by Ran-GTP. This activity requires microtubule binding, but not the characterized hDgt6 γ-tubulin-recruitment domain. Tetrameric sub-complexes induce asters, but activity and microtubule bundling within asters are reduced compared with octameric complexes. Together, our findings shed light on augmin's structural organization and microtubule-binding properties, and define subunits required for its function in organizing microtubule-based structures.
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Proper microtubule nucleation during cell division requires augmin, a microtubule-associated hetero-octameric protein complex. In current models, augmin recruits γ-tubulin, through the carboxyl terminus of its hDgt6 subunit to nucleate microtubules within spindles. However, augmin's biochemical complexity has restricted analysis of its structural organization and function. Here, we reconstitute human augmin and show that it is a Y-shaped complex that can adopt multiple conformations. Further, we find that a dimeric sub-complex retains in vitro microtubule-binding properties of octameric complexes, but not proper metaphase spindle localization. Addition of octameric augmin complexes to Xenopus egg extracts promotes microtubule aster formation, an activity enhanced by Ran-GTP. This activity requires microtubule binding, but not the characterized hDgt6 γ-tubulin-recruitment domain. Tetrameric sub-complexes induce asters, but activity and microtubule bundling within asters are reduced compared with octameric complexes. Together, our findings shed light on augmin's structural organization and microtubule-binding properties, and define subunits required for its function in organizing microtubule-based structures.
Error-free cell division depends on the regulated nucleation of microtubules, polar polymers of α/β-tubulin [1] [2] [3] . There have been important advances in our understanding of how microtubule nucleation at centrosomes is mediated by the recruitment of γ-tubulin and associated proteins (called the γ-tubulin ring complex, or γ-TuRC; refs [4] [5] [6] . It has also been established that centrosomes are not required for the assembly of meiotic and mitotic spindles [7] [8] [9] . As a result, much attention has been focused on examining two centrosomeindependent microtubule formation pathways. The first is the chromosome-dependent microtubule formation pathway involving Ran GTPase and the Aurora B kinase complex 10, 11 . The second pathway involves augmin, a recently discovered eight-protein complex needed to recruit γ-tubulin to microtubules within the spindle [12] [13] [14] . Several lines of evidence indicate that augmin is needed for proper centrosome-independent microtubule formation in dividing cells. First, the levels of spindle microtubules are reduced when augmin is knocked-down or mutant subunits are present 12, 13, 15 . Second, studies in Xenopus egg extracts depleted of augmin reveal that centrosomeindependent meiotic spindle assembly around chromatin-coated beads occurs at reduced rates 16 . Third, microtubule nucleation along the sides of other microtubules has been directly imaged in egg extracts and involves augmin 17 . Fourth, electron tomography-based analysis reveals that the number of minus-ends of microtubules distributed within the metaphase spindle are reduced in the absence of augmin 18 . Further, these studies suggest that a rod-shaped (29 ± 14 nm long) structure, which could be augmin, crosslinks the minusend of newly formed microtubules to the lattice of pre-existing filaments 18 . Together, these data have led to a model in which augmin binds the sides of microtubules, recruits γ-tubulin, and promote the centrosome-independent nucleation of a new filament 13 . A recent study in Drosophila embryos indicates that augmin also contributes to centrosome-dependent astral microtubule assembly 19 . In metazoans augmin is comprised of eight subunits: Ccdc5 (HAUS1), Cep27 (HAUS2), hDgt3 (HAUS3), C14orf94 (HAUS4), hDgt5 (HAUS5), hDgt6 (HAUS6), UCHL5IP (HAUS7) and Hice1 (HAUS8) (Fig. 1a; . Recombinant Hice1 has been shown to bind microtubules in vitro 20 . It has been proposed that hDgt6 recruits γ-TuRC to spindle microtubules as a truncated construct cannot rescue the reduction of γ-tubulin signal in mitotic spindles following hDgt6 RNAi 13 . Furthermore, immunoprecipitation experiments suggest interactions between hDgt6 and NEDD1, a component of γ-TuRC (ref. 13 ). However, the functions of these different subunits and the overall organization of the augmin complex remain poorly understood.
Here, we report the biochemical reconstitution of the augmin complex with recombinant proteins. Analyses of sub-complexes and electron microscopy reveal the subunit organization and overall architecture of this hetero-octameric complex. Comparisons between direct microtubule binding and metaphase spindle localization of the augmin complexes reveal how different subunits contribute to these properties. We also analyse the activity of the recombinant augmin holo-complex and sub-complexes using a microtubule aster assembly assay. Together, these studies shed light on how augmin contributes to the formation of microtubule-based structures.
RESULTS

Hice1·hDgt6 are core components of distinct augmin sub-complexes
To biochemically characterize and reconstitute this multi-protein complex we first tried co-expressing all eight subunits in bacteria using polycistronic systems 21 . As these attempts were unsuccessful, we focused on characterizing individual subunits and generating sub-complexes. We first examined Hice1, the subunit that has been shown in vitro to bind microtubules through a region at its amino terminus (hereafter, Hice1-MTBR, for Hice1-microtubule-binding region; amino acids 1-140; ref. 20) . We expressed and purified Hice1-MTBR and find that it is monodisperse by size-exclusion chromatography (Fig. 1b) . Co-sedimentation assays revealed that Hice1-MTBR binds microtubules (K d : ∼9 µM, Fig. 1c ). Circular dichroism spectrometry indicated that Hice1-MTBR is mostly a random coil in solution (Fig. 1d) . As a control, we examined the microtubule-binding domain (MTBD; amino acids 341-466) of PRC1 under similar conditions and found that it was mainly helical in solution (Fig. 1d) , consistent with structural data 22 . These data suggest right panels). Mean dwell times t and relative amplitudes (in parentheses) were obtained by fitting to bi-exponential functions (grey curve) for each case, whereas Hice1·hDgt6 (433-955) was fitted to a mono-exponential function. Three or more independent experiments were analysed in each condition (n = 5, d,g,m; n = 4, j). that the Hice1 microtubule-binding region is unlikely to have a welldefined secondary structure in solution.
We were unable to purify monodispersed full-length recombinant Hice1 and therefore examined co-expression with S P S P S P S P S P S P S P S P S P [Tubulin] (μM) P S P S P S P S P S P S P S P S P intensities of hDgt6 (1-432), UCHL5IP and Cep27 were used to determine the average fraction of protein bound. For tetramer-II, band intensities of C14orf94, and Ccdc5 were used to determine the average fraction bound. For the dimer, only the hDgt6 (1-432) band intensity was used to determine the fraction of protein bound. Microtubule-binding constants K d were determined by fitting to a hyperbola (octamer: ∼1.1 ± 0.2 µM; tetramer-I: 0.6 ± 0.1 µM; tetramer-II: ∼0.5 ± 0.1 µM; dimer: 1.0 ± 0.1 µM). Approximate K d values are provided for octamer and tetramer-II, as more than 50% of these complexes did not bind microtubules at the highest protein concentration we could test. n = 3 independent experiments were analysed. Error bars show s.d. the hDgt6 N-terminal domain (amino acids 1-432) (hereafter, Hice1·hDgt6 (433-955), as an interaction between these has been shown by yeast two-hybrid results 13 . We found a soluble and stable hetero-dimer formed by Hice1 and hDgt6 (433-955) (Fig. 1e) . Light-scattering analysis indicated that these proteins form a heterodimeric complex with a relative molecular mass consistent with that calculated (M r 91K; Supplementary Fig. 1a,d ).
We next examined whether other augmin subunits could be co-purified with the Hice1·hDgt6 (433-955) hetero-dimer. After trying different combinations, we obtained two different stable tetrameric complexes. One tetrameric complex (hereafter, tetramer-I) was comprised of Hice1, hDgt6 (1-432), UCHL5IP
and Cep27 (Fig. 1f) . The other tetramer (hereafter, tetramer-II) was comprised of Hice1, hDgt6 (1-432), C14orf94 and Ccdc5 (Fig. 1g) . Light-scattering analysis indicated that these complexes adopt an extended conformation, and the relative molecular masses of tetramer-I and -II were 149K and 159K, respectively (Supplementary Fig. 1b-d) , consistent with the subunits associating with equal stoichiometry.
Next, to determine whether the proteins represented in tetramer-I and -II assemble into a larger complex, we co-expressed all six proteins in bacteria. We were able to purify a hetero-hexameric complex, with either His-tags on both C14orf94 and UCHL5IP (Fig. 1h) , or with only His-tagged C14orf94 ( Supplementary Fig. 1e ). Tagged C14orf94 and UCHL5IP could not be resolved by SDS-PAGE, and their presence was independently confirmed ( Supplementary Fig. 1f ). Although we were unable to reconstitute octameric augmin complexes in bacteria, these analyses revealed a connectivity model for the different subunits in augmin (see below).
Biochemical reconstitution of GFP-tagged hetero-octameric human augmin complexes
To reconstitute the augmin holo-complex, we used the MultiBac system for poylcistronic gene expression in insect cells 23 . Remarkably, the entire hetero-octameric complex (hereafter, holo-complex) could be isolated, albeit with low yields. We confirmed the presence of the subunits by western blot analyses ( Supplementary Fig. 2 ) and using SDS-PAGE-based comparisons with another augmin octameric complex characterized by mass spectrometry (see below). The sizeexclusion chromatography elution profile and the intensities of bands resolved by SDS-PAGE suggest that subunits in the holo-complex are present at equal stoichiometry (Fig. 2a) .
As we could obtain only small amounts of the holo-complex (∼20 µg from 1 l of insect cell culture), we generated an octameric complex with a truncated untagged hDgt6 . This octameric complex (hereafter, octamer[hDgt6 (433-955)]) eluted as a single peak during size-exclusion chromatography (Fig. 2b ). The presence of the different subunits in the octamer[hDgt6 (433-955)] was validated by mass spectrometry (Fig. 2d) . We also purified a related octameric complex lacking the Hice1 N terminus (hereafter, octamer[hDgt6 (433-955), Hice1 (1-140)]), thereby removing a known microtubule-binding region (Fig. 2c) . Together, these data indicate that augmin can be reconstituted by coexpressing eight subunits as recombinant proteins, and the C-terminal residues of hDgt6 and the N-terminal residues of Hice1 are dispensable for forming an octameric complex.
Characterizing the microtubule interaction of different purified augmin complexes in vitro
We next used total internal reflection fluorescence (TIRF) microscopy to analyse the interaction of GFP-tagged augmin complexes with microtubules. For these analyses we generated GFP-labelled dimer and tetramer-I complexes in addition to the GFP-labelled octameric complexes. Fluorescence intensity measurements of single molecules indicated that Hice1·hDgt6 (433-955) dimer, tetramer-I, and octamer[hDgt6 (433-955)] particles have a single GFP tag and the holo-complex has two GFP tags, as expected ( Supplementary Fig. 3a-f ).
All GFP-tagged augmin complexes bound to microtubules immobilized on coverslips ( Fig. 3a-c ,e,f,h,i,k,l and Supplementary Fig. 3l,m) . Analyses of time-lapse sequences using kymographs showed that the different augmin complexes diffused in one dimension along microtubules without detectable directional bias ( Supplementary Fig. 3g-k) . In addition, all of these complexes had similar microtubule-association times (t 1/2 less than 1 s, with a subset (∼2-16%) exhibiting longer (∼3-13 s) lifetimes; Fig. 3d ,g,j,m and Supplementary Fig. 3n ). Although high-intensity spots, most likely due to aggregation under the assay conditions, could be observed for the GFP-tagged holocomplex ( Supplementary Fig. 3e ), several microtubule-bound particles with the expected intensities were observed and analysed. At equal concentrations, GFP-tagged octamer[hDgt6 (433-955)] bound microtubules, whereas octamer[hDgt6 (433-955), Hice1 (1-140)] did not (Fig. 3n) . Together, these analyses reveal that the interaction of augmin with microtubules depends on Hice1-MTBR, results in onedimensional (1D) diffusion along the filaments and is not biased to ends of stabilized filaments. We next measured the microtubule-binding affinities of the Hice1·hDgt6 (433-955) dimer, tetramer-I, tetramer-II and GFPoctamer[hDgt6 (433-955)] using co-sedimentation assays. We found that these multi-protein complexes bound microtubules with more than tenfold higher affinity (K d : 0.5-1.1 µM) than Hice1-MTBR alone (Figs 1c and 4) . GFP-octamer[hDgt6 (433-955), Hice1 (1-140)] and tetramer-I[Hice1 (1-142)] did not bind microtubules under these conditions at concentrations up to 10 µM (Fig. 4e,f) . We also visualized microtubule binding of the dimeric and tetrameric complexes by negative-stain electron microscopy ( Supplementary Fig. 4a,b) . Together, these data indicate that Hice1-MTBR alone is not sufficient to achieve microtubule-binding affinities comparable to the multi-protein complexes, but this region is needed for strong augmin-microtubule interactions.
Single-particle electron microscopy analysis of augmin complexes To examine the overall organization of the augmin complex, we used negative-stain single-particle electron microscopy. Images of tetramer-I (Hice1·hDgt6 (1-432)·UCHL5IP·Cep27) and tetramer-II (Hice1·hDgt6 (1-432)·His-C14orf94·Ccdc5) complexes seemed to be similar ( Fig. 5a and Supplementary Fig. 4e,f) , and therefore we carried out standard single-particle analysis only of tetramer-I. We generated 2D class averages of tetramer-I and found it to have a 'drumstick'-like structure with a length of 16-20 nm (Fig. 5b) . To localize the position of the microtubule-binding Hice1 subunit, we generated two tetramer-I complexes containing Hice1 tagged with a maltose-binding protein (MBP) at either the N or C terminus. Coexpression, followed by multi-step chromatography, led to homogeneous tetrameric protein complexes ( Fig. 5c and Supplementary Fig. 4c ). 2D averages of these N-and C-terminally labelled tetramer-I complexes revealed additional density at similar positions at the narrow end of the 'drumstick' structure ( Fig. 5d and Supplementary Fig. 4d ). Together, these data indicate that Hice1 localizes at one end of tetramer-I formed by Hice1, hDgt6 (1-432), UCHL5IP and Cep27.
We next examined the structure of the purified recombinant hetero-octameric complex lacking the C-terminal portion of hDgt6 (octamer[hDgt6 (433-955)]). In this complex, Cep27 is tagged with GFP. Analysis of ∼8,000 augmin particle images revealed classes exhibiting general structural features (representative class averages shown in Fig. 5e,f) . The complex is 38-44 nm long with a splayed Y-shape at one end. The angle between the long and short arms of the Y is variable, underscoring the flexibility of the splayed end of the complex seen in the raw images. Attempts to localize tetramer-I in the octamer averages did not yield an unambiguous result. Overall, our findings indicate that the augmin octamer adopts a ∼40 nm extended Y-shaped complex, the splayed end of which can access a large number of conformations.
Analysing augmin targeting to metaphase spindles
To examine the contributions of the different subunits to augmin's localization in metaphase spindles we used Xenopus egg extracts 24 .
Using an antibody against Xenopus Ccdc5 (Supplementary Fig. 5a ) we find that this subunit localizes along spindle microtubules and accumulates at spindle poles ( Supplementary Fig. 5b ), consistent with the reported augmin localization in Drosophila meiotic spindles 15 .
Next, we analysed the localization of recombinant GFP-tagged octamer[hDgt6 (433-955)], tetramer-II and tetramer-I (15 nM).
Although all of these complexes targeted to spindle microtubules (Fig. 6a-f and Supplementary Fig. 5c ), octamer[hDgt6 (433-955)] had a twofold higher signal at spindle poles (Fig. 6i) . The GFPtagged Hice1·hDgt6 (433-955) dimer (15 nM) localized to the spindle, but also targeted to chromosomes, possibly owing to nonspecific interactions ( Supplementary Fig. 5d,e) . These results suggest endogenous augmin and octamer[hDgt6 (433-955)], but not the other sub-complexes, have a similar protein localization in Xenopus metaphase spindles. As the recombinant GFP-tagged holocomplex could be obtained only at concentrations that were ∼10-fold lower than other complexes, we were unable to achieve sufficient levels in extracts for detection of its spindle association without perturbing organization owing to extract dilution ( Supplementary Fig. 5i ).
We next examined GFP-tagged octamer[hDgt6 (433-955), Hice1 (1-140)] (15 nM) localization in spindles. The GFP intensity in the middle of the spindle is similar to that of recombinant GFP alone ( Fig. 6h and Supplementary Fig. 5f,g ). Interestingly, a weak GFP signal could be consistently detected at spindle poles (Fig. 6g,h and Supplementary Fig. 5h ), suggesting the presence of low-affinity microtubule-independent interactions between pole-associated proteins and augmin. Together, these results suggest that augmin sub-complexes with similar microtubule-binding properties in vitro target to metaphase spindles. However, accumulation at spindle poles requires subunits in addition to those present in tetramer-I or -II alone.
Recombinant augmin promotes microtubule aster formation in Xenopus egg extracts
To test the function of the recombinant augmin complexes, we used a microtubule aster formation assay in Xenopus egg extracts 16, 17 . It has recently been shown that augmin depletion delays microtubule aster formation in the presence of Ran(Q69L) (ref. 16 ), a mutant form of Ran locked in the GTP-bound state. We find that addition of augmin holo-complex (6 nM) leads to substantially more asters, formed within minutes, in the presence of Ran(Q69L) (15 µM), compared with controls (buffer; Fig. 7a and Supplementary Figs 6b and 7a) . Aster formation was also promoted by octamer[hDgt6 (433-955)] (6 nM), (Fig. 7a and Supplementary Figs 6a and 7a) , albeit with reduced efficiency (15 min, ∼32% lower number) compared with the holocomplex (Fig. 7a) .
We examined the localization of the GFP-tagged augmin holo-complex and octamer[hDgt6 (433-955)] in microtubule asters at 15 nM, the highest concentration of the holo-complex we could reliably achieve without loss of aster stability. Both holo-complex and octamer[hDgt6 (433-955)] associated with microtubules in the asters (Fig. 7b-d ). We were unable to sufficiently deplete endogenous augmin from the egg extracts using our xCcdc5 antibody ( Supplementary Fig. 6c) , and therefore could not properly examine whether the recruitment of γ-tubulin in the asters generated by octamer[hDgt6 (433-955)] was reduced compared with that in asters induced by the holo-complex.
We next analysed aster formation by the recombinant augmin sub-complexes and the octameric complex lacking Hice1-MTBR. We estimated that the concentration of Ccdc5 in Xenopus extracts is 60 nM (Supplementary Fig. 5a ). We were unable to obtain these high concentrations of the holo-complex without diluting the extract and disrupting aster assembly, but could with octamer[hDgt6 (433-955)]. Within 10 min, this octameric complex (60 nM) induced aster assembly. In contrast, essentially no asters formed in the presence of octamer[hDgt6 (433-955), Hice1(1-140)] or Hice1·hDgt6 (433-955) dimer (Fig. 7e and Supplementary  Fig. 7b, 60 nM) . Notably, whereas some asters were induced by tetramer-I, the activity of tetramer-II was comparable to that of octamer[hDgt6 (433-955)] in this assay (Fig. 7e (60 nM) ). The localization of tetramer-II in asters was similar to that of the holocomplex and octamer[hDgt6 (433-955)] (Supplementary Fig. 6d,e  (15 nM) ). Addition of tetramer-II induced aster formation in a dose-dependent manner, with efficiency only slightly lower than that of octamer[hDgt6 (433-955)] (Fig. 7f and Supplementary Fig. 7c ). Interestingly, octamer[hDgt6 (433-955)] and tetramer-II promoted microtubule aster formation even in the absence of Ran(Q69L), but overall efficiency was lower ( Fig. 7g and Supplementary Fig. 7d ). Together, our data indicate that recombinant augmin promotes microtubule aster formation in Xenopus egg extracts and this Ran GTPase-regulated activity depends on Hice1-MTBR, but not the hDgt6 C terminus.
Morphological differences between microtubule asters promoted by octameric and tetrameric augmin complexes
We next compared the morphology of the asters induced by the recombinant GFP-tagged tetramer-II and octamer[hDgt6 (433-955)] in the presence of Ran(Q69L). We used recombinant complexes at concentrations similar to that of the native protein (60 nM). Tetramer-II-induced asters were symmetric with a more uniform microtubule density, whereas octamer[hDgt6 (433-955)]-induced asters were more asymmetric and exhibited more regions of dense microtubule 'bundles' adjacent to regions void of microtubules (Fig. 8a,b and Supplementary Fig. 6l,m) .
To quantitatively compare the morphology of the asters induced by these complexes we first performed a coordinate transformation on images (bottom panel, Fig. 8a,b) . Here, the fluorescence intensity along the radial direction is plotted for all angles (Fig. 8c,d ). The angular intensity values at a specified radius were then determined (Fig. 8e,  radius = 8 µm) , and the coefficient of variation was calculated (Fig. 8f) . For asters induced with tetramer-II, and at radii near the centre of the aster, the coefficient of variation was relatively small. In contrast, for octamer[hDgt6 (433-955)]-induced asters, the coefficient of variation was much larger. These fluctuations in microtubule intensity increased with distance from the aster centre (Fig. 8f) . Further, determined under a comparable total intensity within the asters, the normalized intensity of all microtubule signal reveals that octamer[hDgt6 (433-955)]-induced asters have a sharper reduction of microtubule density along the radial direction compared with that of tetramer-II-induced asters ( Fig. 8g and Supplementary Fig. 7e ).
We next analysed asters induced by Ran(Q69L) alone to those generated by Ran(Q69L) and holo-complex or octamer[hDgt6 (433-955)], at the highest holo-complex concentration we could reliably achieve in the assay (15 nM, Fig. 7b,c and Supplementary  Fig. 6i-k) . Our analysis revealed that the coefficients of variation at different radii and the normalized intensity measured as a function of radius were similar for each of these conditions. (Fig. 8h-j and Supplementary Figs 6f-h and 7f) . Together, these data show that different augmin complexes can generate asters with distinct morphological features, and that the addition of holo-complex and octamer[hDgt6 (433-955)] induce structures with morphologies similar to the Ran-induced asters.
DISCUSSION
In summary, the biochemical reconstitution of the hetero-octameric augmin complex has revealed its overall architecture and allowed functional tests. Our electron microscopy analyses indicate that augmin forms an elongated Y-shaped structure. However, owing to the resolution of this structure and conformational flexibility of the holo-complex, we are unable to position sub-complexes within the holo-complex with high confidence. On the basis of our analyses thus far, we propose that Hice1·hDgt6 (433-955) forms a core scaffold within augmin. Within the holo-complex, C14orf94 and Ccdc5 are likely to be directly connected ( Supplementary Fig. 1g ), and together interact with Hice1·hDgt6 (433-955) independent of other subunits. At present, we are unable to position hDgt3 and hDgt5 subunits within augmin. Together, our findings provide valuable constraints on how the different subunits interact within the augmin holocomplex (Fig. 8k) .
Our findings also help dissect the contributions of the different augmin subunits to its microtubule-organizing function. Octamer[hDgt6 (433-955)], Hice1·hDgt6 (433-955) dimer and tetramer-I have similar microtubule-binding affinities, filamentassociation lifetimes and distributions along stabilized microtubules. As these properties do not differ significantly for the octameric and dimeric complexes, and Hice1·hDgt6 (433-955) is present in tetramer-II, we infer that these properties are probably comparable for all of these complexes. Further, our data indicate that Hice1-MTBR mediates direct microtubule binding in the augmin complex in vitro and in spindles. Although different sub-complexes can bind spindle microtubules, enrichment of these proteins at spindle poles, similar to that of endogenous augmin, requires the additional subunits present in the octameric complex. Our data also indicate that this localization does not depend on the hDgt6 C terminus that has been shown to interact with γ-tubulin 13 . Current models predict that augmin should localize at the branch point between the existing 'mother' filament and the new 'daughter' filament 13 . However, such localization has not been shown and our own efforts have not been successful thus far. This could be due to limited signal over background in our imaging assays or augmin not preferentially localizing to the filament branch points relative to the sides of the filaments.
We find that microtubule asters with similar size and overall microtubule levels are promoted by tetramer-II and octameric complexes, including one that lacks the hDgt6 C terminus. The main morphological difference between asters promoted by tetramer-II and octameric complexes is the amount of microtubule bundling. This difference could result from variations in the branching angles between the 'mother' and 'daughter' filaments, or the efficiency in recruiting γ-tubulin. This aster-promoting activity is not observed for other sub-complexes that have similar microtubule-binding properties in vitro. C14orf94 and Ccdc5, the two subunits in tetramer-II not present in tetramer-I or the dimeric complexes, are unlikely to substantially modulate the microtubule interaction in vitro. These two subunits may instead mediate regulation of aster assembly by Ran-GTP, or contribute to γ-tubulin recruitment independent of hDgt6. These data, along with our observation that this aster-promoting activity requires Hice1-MTBR, raise the possibility that augmin functions in two ways, by recruiting γ-tubulin and through directly stabilizing microtubules. In vitro assays with dynamic microtubules and the augmin complexes we have reconstituted will help test this model and reveal how this hetero-octameric complex contributes to microtubule-formation pathways needed to ensure successful cell division.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper
Construction of augmin subunit genes in Escherichia coli expression plasmids. DNA fragments of the Hice1 microtubule-binding region (MTBR; amino acids (a.a.) 1-140) were amplified by polymerase chain reaction (PCR) and cloned into NdeI/XhoI sites of a modified pET28a (Novagen) vector with a PreScission protease site directly after the N-terminal 6-His tag. The amplified PCR fragments of hDgt6 (1-432) and Hice1 (a.a. 1-410) were cloned into a modified pGEX-6P vector (GE Healthcare) that contains two multiple cloning sites (MCSs) and an ampicillin resistance marker. hDgt6 (1-432) and Hice1 were inserted into the vector through BamHI/SalI and BglII/XhoI sites, respectively. hDgt6 (1-432) was fused to a cleavable GST and Hice1 was untagged. Hice1 (a.a. 143-410) was cloned into identical restriction sites in pGEX-6P as the full-length Hice1. Full-length UCHL5IP (a.a. 1-368) and Cep27 (a.a. 1-235) were cloned into a modified bi-cistronic pCDFDuet-1 vector (Novagen) that contains a streptomycin resistance marker and a PreScission protease site directly after the N-terminal 6-His tag. UCHL5IP was inserted into MCS1 through BamHI/NotI sites, and Cep27 was cloned into MCS2 through NdeI/XhoI sites. UCHL5IP was fused with a cleavable N-terminal His tag and Cep27 was expressed as an untagged protein. Full-length C14orf94 (a.a. 1-363) and Ccdc5 (a.a. 1-278) were cloned into another modified bi-cistronic pRSFDuet-1 vector (kanamycin resistance) (Novagen) with either a cleavable or an un-cleavable N-terminal 6-His tag in C14orf94, and Ccdc5 was expressed as an untagged protein.
C14orf94 was inserted into MCS1 through BamHI/NotI sites, and Ccdc5 was cloned into MCS2 through NdeI/XhoI sites.
To generate the N-terminal MBP-tagged Hice1 construct, DNA fragments of MBP amplified by PCR were inserted in-frame through a BglII site at the 5 end of Hice1 in pGEX-6P. For C-terminal MBP-tagged Hice1, the stop codon in pGEX-6P-Hice1 was removed by site-directed mutagenesis and PCR-amplified MBP DNA fragments including its stop codon were fused in-frame through a XhoI site at the 3 end of the Hice1 gene. Cloning of GFP-tagged hDgt6 (1-432) and Cep27 constructs used the same strategy as was employed to generate MBP-tagged constructs. For expression of C14orf94 (a.a. 1-188) and full-length Ccdc5, DNA fragments containing individual genes were cloned into the modified pGEX-6P vector through BamHI/SalI and BglII/XhoI sites, respectively. Ccdc5 is fused to a cleavable GST and C14orf94 (a.a. 1-188) is untagged.
Purification of recombinant augmin sub-complexes from bacteria. For the expression of Hice1-MTBR, E. coli Rosetta cells (Stratagene) were employed and protein expression was carried out in LB medium and induced by the addition of 0.5 mM IPTG at 18 • C for 16 h. Cells were collected by centrifugation and resuspended in a buffer containing 50 mM potassium phosphate, pH 7.4, 150 mM NaCl, 5 mM β-mercaptoethanol and complete EDTA-free protease inhibitors (Roche). The cells were lysed with a cell disrupter (Avestin) and the lysate was centrifuged for 30 min at 40, 000g . The supernatant was then applied to a His-Select nickel column (Sigma) and eluted using an imidazole gradient. Fractions containing Hice1-MTBR were pooled and digested by PreScission protease for 24 h in a buffer containing 20 mM HEPES, pH 7.4, 100 mM NaCl and 3 mM dithiothreitol. The protein was purified over a HiTrap S HP column (GE Healthcare) using a NaCl gradient and further purified over a 16/60 Superdex 75 column (GE Healthcare). Selected fractions containing Hice1-MTBR were pooled, concentrated and stored at −80 • C.
Full-length Hice1-containing sub-complexes, including Hice1·hDgt6 (433-955) dimer, tetramer-I, tetramer-II and hexamer, were expressed in E. coli BL21 Star-RIL strain (Invitrogen) and proteins were induced by the addition of 0.5 mM IPTG at 18 • C for 16 h. Cells were collected by centrifugation and resuspended in a buffer containing 20 mM HEPES, pH 7.4, 300 mM NaCl, 3 mM dithiothreitol and complete EDTA-free protease inhibitors (Roche). The lysate was then applied to a glutathione S-transferase column (GE Healthcare) and eluted using a glutathione gradient. Fractions containing the proteins were pooled and GST was removed by PreScission protease cleavage for 24 h in a buffer containing 50 mM K-phosphate, pH 7.4, 300 mM NaCl and 5 mM β-mercaptoethanol. The proteins were then purified using a HisTrap column (GE Healthcare) through imidazole elution and further purified over either a 16/60 Superdex 200 or a 10/300 Superose 6 column (GE Healthcare). Fractions from size-exclusion columns were applied to and concentrated by a Hitrap S HP column (GE Healthcare). Selected fractions were dialysed against buffer containing 20 mM HEPES, pH 7.4, 300 mM NaCl, 3 mM dithiothreitol and 10% sucrose and stored at −80 • C. Purifications of sub-complexes that contain truncated Hice1 were essentially the same as for the isolation of the sub-complexes containing full-length Hice1, except that the Hitrap S column was replaced by a Hitrap Q column in the final step (GE Healthcare). Various MBP-tagged and GFP-tagged protein complexes were isolated using a similar expression and purification protocol.
Construction of multi-gene baculovirus expression vectors.
To generate baculovirus strains expressing the augmin octameric complex, we used the Multibac system. Augmin subunits were PCR-amplified using high-fidelity hot-start DNA polymerase (Thermo Scientific) and individually cloned into either pACEB1 or pACEB2 transfer vector (ATG:biosynthetics GmbH). Restriction sites needed for cloning into the MultiBac vectors were included in the PCR primers. To facilitate cloning, internal BstXI restriction sites in augmin subunits hDgt6 and Ccdc5 were removed by introducing silent mutations using site-directed mutagenesis. GST, 6xHis and GFP tags were engineered in-frame at the 5 end of the augmin subunits. All augmin gene constructs were sequence verified.
Full-length Hice1, truncated Hice1 (a.a. 141-410), UCHL5IP and C14orf94 were cloned into BamHI/NotI sites within the MCS of the pACEB1 vector. Ccdc5 was cloned through BamHI/SalI sites for insertion into pACEB1 vector. hDgt5 was cloned through EcoRI/SalI sites for assembly into the pACEB1 vector. A TEVcleavable 6-His-tagged hDgt3 was cloned through XhoI/KpnI into the pACEB2 vector. GFP-Cep27 and GST-hDgt6 (1-432) were amplified by PCR using bacterial expression constructs as templates and cloned through XhoI/KpnI sites in the pACEB2 vector. PCR-amplified DNA fragments of GST-tagged full-length hDgt6 (a.a. 1-955) were cloned through XhoI/KpnI sites for insertion into the pACEB2 vector and subsequently GFP was inserted between GST and hDgt6.
Individual gene expression cassettes that included the sequence-verified augmin gene, promoter and terminator were excised by I-CeuI and BstXI. Stepwise assembly of individual gene expression cassettes into the pACEB1-full-length Hice1 and pACEB1-truncated Hice1 (a.a. 141-410) resulted in the following final expression constructs: (A) pACEB1-Hice1/C14orf94/UCHL5IP/Ccdc5/GFPCep27/hDgt5/His-hDgt3/GST-GFP-hDgt6; (B) pACEB1-Hice1(a.a. 141-410)/ C14orf94/UCHL5IP/Ccdc5/ GFP-Cep27/hDgt5/His-hDgt3/GST-hDgt6 (1-432); (C) pACEB1-Hice1/C14orf94/UCHL5IP/Ccdc5/ GFP-Cep27/hDgt5/His-hDgt3/ GST-hDgt6 (1-432). Subsequently, the expression constructs containing eight subunits of augmin were transformed into DH10MultiBac
Turbo cells (ATG:biosynthetics GmbH) to generate bacmids.
Purification of recombinant octameric augmin complexes from insect cells.
High Five insect cells (Invitrogen) were infected with baculovirus that contained eight subunits of the augmin complex. Cells were collected at 1, 000g for 15 min and resuspended in lysis buffer that contained 50 mM K-phosphate, pH 7.4, 300 mM NaCl, 5% sucrose, 0.1% Tween-20, 5 mM β-mercaptoethanol, 0.1 mM phenylmethylsulphonyl fluoride and complete EDTA-free protease inhibitors. After sonication, cell lysate was centrifuged for 30 min at 40, 000g . The supernatant was then applied to a glutathione S-transferase column. Subsequently, the column was equilibrated with washing buffer (50 mM K-phosphate, pH 7.4, 300 mM NaCl and 5 mM β-mercaptoethanol) and recombinant augmin was eluted with 50 mM glutathione. Fractions containing the proteins were pooled and GST was removed by PreScission protease cleavage for 24 h at 4 • C in a buffer containing 50 mM K-phosphate, pH 7.4, 300 mM NaCl and 5 mM β-mercaptoethanol. The proteins were then purified using a HisTrap column through imidazole elution and further purified over a 10/300 Superose 6 column. Fractions from size-exclusion columns were applied to and concentrated by a HisTrap column. Pure proteins were dialysed against buffer containing 1×BRB80 (80 mM PIPES, 1 mM EGTA and 1 mM MgCl 2 , pH 6.8), 100 mM KCl, 3 mM dithiothreitol and 10% sucrose and stored at −80 • C. Circular dichroism spectroscopy. Circular dichroism spectra were recorded using an Aviv Circular Dichroism Spectrometer, Model 420. A 10 µM solution of each protein in 10 mM potassium phosphate, pH 7.0 and 100 mM NaCl was analysed at 20 • C. Data were collected from 190-260 nm at 0.1 nm intervals recorded at 50 nm min −1 ; measurements were averages of 5 scans. The mean residue molar ellipticity [θ] (deg × cm 2 × dmol −1 ) was determined using ellipticity in degrees, protein concentration, cell path length and molecular weight of protein.
Electron microscopy and image processing. The tetramer and octamer protein samples were diluted to ∼60 µg ml −1 in buffer (20 mM HEPES pH 7.4, 100 mM NaCl). Three microlitres of protein solution was applied to a glow-discharged, carbon-coated Maxtaform, 400-mesh Cu/Rh EM specimen grid (Ted Pella) or a CFlat 2/2 400-mesh EM grid (Electron Microscopy Sciences), with a thin layer of carbon over the holes and preserved with 2% (w/v) uranyl acetate or uranyl formate. Images were recorded with a Tecnai Spirit (Philips/FEI) electron microscope (FEI), equipped with an LaB6 filament and operating at an acceleration voltage of 120 kV at a magnification of ×52,000 (2.05 Å per pixel) on a 4k × 4k Teitz CMOS camera, at 1 ∼ 2 µm underfocus. The automatic data collections were carried out using Leginon 25 . Tetramer-I (2,831 particles), MBP-labelled tetramer-I (N-terminal MBPtagged Hice1, 1,539 particles; C-terminal MBP-tagged Hice1, 2,967 particles) and octamer (8,000 particles) images were manually selected and boxed using e2boxer 26 . Twofold pixel binning of the original particle images resulted in a final pixel size of 4.1 Å. We carried out image alignment and classification using the Iterative Stable Alignment and Clustering (ISAC) program in the SPARX software package 27, 28 .
Microtubule co-sedimentation assay. Taxol-stabilized microtubules were polymerized from purified pre-cleared bovine tubulin. Microtubules were incubated in ∼1 µM proteins for 20 min at room temperature in the buffer containing 0.5× BRB80, 100 mM KCl, 10% sucrose and 0.25 mg ml −1 BSA. Subsequently, reaction solutions were subjected to sedimentation in a TLA 120.1 rotor (Beckman Coulter) at 75,000 rpm for 10 min at 27 • C. The proteins in the pellet and supernatant were analysed by SDS-PAGE and the Coomassie-stained bands were quantified (LI-COR Odyssey). Band intensities from the gels were used to determine the fraction of protein bound, which was plotted against microtubule concentration. The data were fitted to a modified Hill equation to determine K d .
Single-molecule TIRF analysis of GFP-tagged augmin complexes. TIRF data were collected using a Nikon Ti Eclipse inverted microscope with a custom twocolour TIRF illumination system. GFP was excited using a 488 nm laser (Spectra Physics) and X-rhodamine with a 561 nm laser (Cobolt Jive). Microtubules were polymerized from a solution that contained unlabelled, X-rhodamine-labelled, and biotin-labelled tubulin in a ratio of 10:1:0.7 at 37 • C in the presence of guanalyl-(α,β)-methylene diphosphate (GMPCPP). Flow chambers assembled with biotin-polyethylene glycol (bioPEG)-coated coverslips were sequentially filled with 0.5 mg ml −1 α-casein, 0.2 mg ml −1 NeutrAvidin, and biotin-labelled microtubules in the presence of 20 µM taxol and BRB80. Finally, GFP-labelled protein was added to the chamber in BRB80 supplemented with 20 µM taxol, 0.5 mg ml −1 α-casein, 10% sucrose, 2 mM dithiothreitol, 200 µg ml −1 glucose oxidase, 35 µg ml −1 catalase and 4.5 µg ml −1 glucose. A single image of the microtubules was taken and time-lapse sequences were recorded in the GFP channel at 4.4 frames per second with 100 ms exposure. Spot detection and track assembly were performed using the Speckle Tracker J plugin for ImageJ (ref. 29) . The dwell time of each track was determined from the duration of the track using a custom routine in Excel. The dwell time frequency (d.t.f.) was calculated using the equation
where N (t i ) is the number of tracks that have a given dwell time (t i ). The empirical Cumulative Distribution Function (CDF) was calculated using the equations
The paired data (1 − CDF, t i ) was fitted to the exponential sum 1 − CDF(t i ) = A 1 · e −ti /τ1 + A 2 · e −ti /τ2 , using a 'least-squares' approach in MATLAB. The second part of the sum was excluded in the case of the mono-exponential fit on Hice1·GFP-hDgt6 (1-432) data. The parameters A and τ , the relative amplitude and mean dwell time respectively, are expressed as the mean value for the estimator ± the 95% confidence intervals extracted from the fit.
For the GFP intensity analyses, GFP-labelled augmin complexes were nonspecifically bound to the glass surface of flow chambers that were assembled from untreated coverslips to obtain a sparse decoration. The same buffer solution used in the single-molecule microtubule-binding assay was used in these assays. Images were acquired in the GFP channel at 4.4 frames per second with a 100 ms exposure. The first three frames were averaged and used for the analysis. Spots were detected using Speckle Tracker J, and their intensities were determined using a custom routine in MATLAB and Microsoft Excel.
Spindle and microtubule aster assembly in Xenopus egg extracts. Cytoplasmic extracts from the Xenopus laevis eggs, arrested in metaphase of meiosis II, were prepared as previously described 24 . Spindles were assembled in the presence of Xrhodamine-labelled tubulin and sperm DNA. Imaging analysis was carried out to examine the spindle localization of augmin complex without fixation. Experiments were repeated three times or more for each condition. Linescans of GFP fluorescence in each spindle were carried out with a 10-pixel-wide stripe along the spindle axis. Pole microtubule and GFP intensities were measured by averaging over a 40-pixel region within the spindle. Midzone microtubule and GFP intensities were measured by averaging over a 40-pixel region near the spindle centre.
For microtubule aster assembly, X-rhodamine-labelled tubulin and Ran(Q69L) were added to a final concentration of 0.1 mg ml −1 and 15 µM, respectively. Ten microlitres of egg extracts was mixed with 1 µl augmin protein solution. Subsequently, a total of 2 µl of extract for each condition was fixed onto two different coverslips, imaged and analysed. To quantify aster number, fixed samples were scanned automatically using a motorized XY stage and captured images were stitched into one composite image (NIS-Elements).
Fluorescence images of spindles and microtubule asters were acquired with a Cooled-CCD (charge-coupled device) camera (CoolSNAP, Photometrics), which was mounted on the microscope base-port. Image acquisition was performed with either Metamorph (Molecular Devices) or NIS-Elements (Nikon).
Spin-down and fixation of Xenopus metaphase spindles and microtubule asters onto coverslips. Xenopus egg extracts containing either spindles or microtubule asters were diluted in 1 ml of dilution buffer (1×BRB80, 30% glycerol, and 0.5% Triton X-100) and subsequently an equal volume (1 ml) of fixation solution (1×BRB80, 30% glycerol, 0.5% Triton X-100 and 4% formaldehyde) was added. Fixed samples were layered onto cushion (1×BRB80 and 40% glycerol) and then spun down spindles or asters onto coverslips.
Polar and radial intensity analyses of microtubule asters. Fluorescence images of asters were recorded and stored as 16-bit TIFF files. Asters were first identified visually, and regions that fully encompassed single isolated asters were cropped. Polar transforms were performed by first locating the centre of the aster, and running the Image J plug-in 'Polar Transformer' , resulting in the mapping of the image from Cartesian coordinates to radial and angular coordinates. The average intensity across all angles at each radius was then calculated using the Plot Profile tool in ImageJ. These data were then normalized against the integrated intensity within each aster, such that the percentage of the aster's total microtubule intensity at a given radius could be determined. Radial intensity data from multiple asters formed under a given set of conditions were then averaged to determine a characteristic radial profile ( Angular profiles were determined by drawing a circular path at a fixed radius from the aster's centre. The ImageJ plug-in 'Oval Profile' was used to determine the intensity at all angles along the circular path. For each aster, paths were drawn at radii = 4, 8 and 12 µm. From these angular intensity profiles, the centre of the region containing the most microtubule density was determined by a centre-of-mass analysis. Intensity data contained within a half circle (or, ±90 degrees on either side of the region's centre) were selected, and the coefficient of variation (the standard deviation divided by the mean) was calculated. The mean and standard deviation of data pooled for each aster-forming condition were then measured (experimental statistics identical to above).
Generation of antibody against Xenopus laevis
Ccdc5. The recombinant GSTtagged Xenopus laevis Ccdc5 protein (a.a. 1-204) was purified by GST affinity and size-exclusion chromatography. GST tag was removed by PreScission protease and non-tagged recombinant xCcdc5 was used to produce rabbit polyclonal anti-xCcdc5 antibody serum (Cocalico). For affinity purification of antibody, recombinant Ccdc5 protein was coupled to a HiTrap NHS column (GE Healthcare) and subsequently sera containing the anti-Ccdc5 antibody were passed over the antigen-coated column. The antibody was eluted with low-pH buffer and dialysed check aganist storage buffer (50 mM PBS and 50% glycerol).
Electron microscopy of augmin-decorated microtubules. Microtubules (∼150 µg ml −1 in 1×BRB80) were applied to glow-discharged carbon grids, then incubated with either GFP-teramer-I or dimer (∼200 µg ml −1 in 10 mM HEPES, pH 7.0, 2% sucrose and 60 mM NaCl) for 2 min, grids were washed with buffer without sucrose and stained with 2% (w/v) uranyl acetate. Images were recorded with a Tecnai Spirit electron microscope (FEI). Images were recorded at 29,000× (3.75 ångström per pixel on a 2K × 2K Tietz camera).
Size-exclusion chromatography coupled light scattering. The light-scattering data were collected using a Superose-6 chromatography column (GE Healthcare), connected to a high-performance liquid chromatography system (HPLC), Agilent 1200 (Agilent Technologies), equipped with an autosampler. The elution from SEC was monitored by a photodiode array (PDA) UV/VIS detector (Agilent Technologies), a differential refractometer (OPTI-Lab rEx Wyatt), and a static and dynamic, multi-angle laser light scattering (LS) detector (HELEOS II with QELS capability, Wyatt). The weight average molecular masses were determined across the entire elution profile in 1 s intervals from static LS measurements using ASTRA software as previously described 30 .
